olorado has a significant potential for damaging earthquakes. The Colorado Geological Survey has identified 92 potentially active faults. Two faults have documented slip-rates approaching 1 mm per year. Four hundred and seventy-seven Colorado earthquakes have been felt and/or equaled or exceeded magnitude of 2.0 between 1870 and 1996. Eighty-two earthquakes have equaled or exceeded an MMI Scale of V Colorado's largest historical earthquake, which occurred on 7 November 1882 (8 November UCT), had an estimated magnitude of 6.5 and maximum MMI of VII to VIII. Colorado's maximum credible earthquake has been estimated at 7.5 ML. In this paper we analyze independent earthquakes (foreshocks, aftershocks, and fluid-injection induced earthquakes removed) to develop magnitude-recurrence relations. Analysis of instrumentally measured earthquakes predicts that a 6.5 ML or larger earthquake occurring somewhere in Colorado has a mean recurrence interval of about 420 years. A magnitude 6.6 ML earthquake has a 10 percent Poisson's probability of exceedance in 50 years. A 7.5 ML earthquake has a 2 percent Poisson's probability of exceedance in 50 years. Colorado's magnitude-recurrence (Gutenberg-Richter) relation is logN=2.58-0.80 ML.
INTRODUCTION
A growing body of data suggests that Colorado has a greater seismic hazard than previously recognized. Colorado has 58 mountain peaks at least 4,270 m (14,000 feet) in elevation, extensive Neogene deformation, and the second largest heat flow anomaly in North America indicating an active tectonic area (Matthews 2002) . Colorado is one of only fourteen states that have documented historical earthquakes of magnitude 6.0 or greater (Stover and Coffman 1993) . Ninety-two potentially active faults (documented movement within the last 1.6 million years) have been identified in Colorado. Thirty faults show evidence of movement within the last 750,000 years and eight faults show evidence of Holocene and postglacial movement (last 15,000 years). Two faults have documented slip-rates approaching 1 mm per year (Widmann et al. 1998) . Four hundred and seventy-seven earthquakes have been felt and/or equaled or exceeded a magnitude of 2.0 between 1870 and 1996 (Kirkham and Rogers 2000 Kirkham and Rogers (1986) Stover and Coffinan (1993) Bellinger (1994) and McGuire (1994) Spence et al. (1996) and Kirkham and Rogers (2000) (November 8 UCT) and was felt throughout most of Colorado and in parts of Utah, Idaho, Wyoming, Nebraska, and Kansas (The New York Times 1882, McGuire et al. 1982 , Spence et al. 1996 , Kirkham and Rogers 2000 . Estimated magnitude for the 1882 earthquake is 6.2 to 6.7 ML (6.4 to 6.6 Mw), with 6.5 generally used (Table 2) . Strong ground motion and some structural damage were reported in Colorado and Wyoming. Maximum Modified Mercalli Intensity was VII to VIII (Kirkham and Rogers 1986) .
The largest instrumentally recorded earthquakes are 5.5 mb (1960 Montrose/ Ridgeway, Colorado) and 5.5 mb (1966 Colorado-New Mexico border near Dulce, New Mexico), where mb is body wave magnitude. Several other earthquakes have exceeded a magnitude of 5.0, including three hi the 1960s that may have been induced by fluid injection (Table 3 ). Figure 1 shows the locations of the known historical earthquake epicenters and the surface locations of 92 known potentially active faults Rogers 2000, Widmann et al. 1998 ). Most of the historical earthquakes and all but four of the potentially active faults are located in the western two-thirds of the state. Widmann et al. (1998) reports that only a few slip-rates or recurrence intervals have been determined for the known potentially active faults. The Williams Fork Mountain and the Frontal faults in Grand and Summit counties have documented slip-rates approaching 1 (Widmann et al. 1998 ).
Figure 1 suggests that the relationship between the surface locations of the known potentially active faults and historical earthquakes is weak. However, locations of pre1960s earthquakes are approximate since they are based on felt reports. Locations of post-1960s earthquakes are estimated to be within 10 to 20 km of the actual epicenter because only one USGS national network seismometer is located in Colorado (Matthews 2002) . Recent work using regional seismic networks suggests clustering of earthquakes occurs near faults , Wong et al. 1994 , Sheehan 2000 , Matthews 2002 ).
Seismotectonic provinces in Colorado have been delineated by Rogers (1981, 1985) by the distribution and characteristics of Neogene faults, historical earthquakes, major structural and physiographic regions, and their interpretation of earthquake potential. The Rio Grande Rift province, which almost bisects the center of the state from New Mexico to Wyoming, contains a high percentage of Colorado's known potentially active faults and a low percentage of reported earthquakes. The Plains province, consisting of over one-third the area of Colorado and located east of the Rocky Mountain Range, has only four known Neogene faults. Earthquakes have occurred on the Derby Fault located northeast of Denver and in the southern part of the province Table 4 . Previous estimates of maximum credible earthquake and mean recurrence intervals versus magnitude for Colorado and selected seismotectonic provinces and regions of Colorado Magnitude 7.5 ML 6.5 to 7.5 ML 6 to 7.0 ML 6 to 6.75 ML 6 to 6.5 ML 5.5 to 6.5 ML 5.5 to 6.5 ML 5.5 to 6 ML 6.5 ML 6.5 ML 5.8 to 6.0 ML 5. (Kirkham and Rogers 1985) . Figure 2 . Maximum historical earthquake intensities in Colorado reported from 1870 to 1996 Rogers 1985, 2000) .
MCE, RECURRENCE INTERVAL, AND GROUND MOTION
of Colorado and for the state as a whole. Kirkham and Rogers' (1985) estimates of MCE were based on fault lengths and displacements, recency of movement, historical earthquakes, stress/strain information, and comparisons with other areas that have similar seismotectonic characteristics. Kirkham and Rogers (1985) estimate that the MCE is 5.5 to 6 ML for the Plains Province, 6.5 to 7.5 ML for the Southern Rio Grande Rift Province, and 7.5 ML for Colorado. Table 4 shows that the estimated earthquake magnitudes at the larger recurrence intervals approach the MCE for the regions. et al. 1997) show peak ground accelerations (PGA) for rock sites ranging from 3 percent g in eastern Colorado to 20 percent g in western Colorado for a 10 percent probability of exceedance in 50 years. Probabilistic ground motion maps prepared for FEMA by the USGS and the Building Seismic Safety Council (BSSC 1998) show the spectral response acceleration, SA, having a 2 percent probability of exceedance in 50 years to be two and one-half times the PGA values shown on the USGS Seismic Risk Maps (Frankel et al. 1997) . The 2000 International Building Code (ICC 2000) defines the maximum considered ground acceleration or earthquake as having a 2 percent probability of exceedance in 50 years. Maximum considered earthquake ground motion is similar to the maps prepared for FEMA (BSSC 1998).
EARTHQUAKE CATALOG
We determined the average return period for Colorado earthquakes using the most complete earthquake catalog available (Kirkham and Rogers 2000) . We used Richter (local) magnitude (ML) for our analysis rather than body wave (mb); surface wave (Ms); moment (Mw); or other magnitudes as Richter magnitude is a convenient measure when the magnitudes are generally small and is generally reported for Colorado earthquakes. When ML was not reported in the data set, we used Equation 1 given in Table 5 to estimate ML from body wave magnitude for earthquakes occurring after 1954 and Equations 2 and 3 to estimate ML* and ML** from the maximum Modified Mercalli Intensity. The magnitude-to-magnitude correlation in Table 5 is consistent with recommendations give by Youd and Idriss (2001) . There is uncertainty in many of the early magnitude values and the historical record is short Felt reports of Colorado earthquakes date back to 1870 and the first instrumented records of Colorado earthquake magnitudes date back to 1954. The 7 November 1882 earthquake, the largest historical earthquake in Colorado, has an uncertainty in its magnitude of plus or minus one-half magnitude since it is based on felt area and maximum intensity reported in an area that was sparsely populated at the time of the earthquake. Estimated population of Colorado in 1882 was less than 200,000 (versus over four million in 2000) with very few people near the probable epicenter shown in Figure 1 . Table 2 lists various magnitudes assigned to this earthquake. We have used 6.5 ML for the work presented here. Estimates of magnitudes of other pre-instrumented earthquakes in Colorado probably also have tolerances of plus or minus one-half magnitude. The earthquake catalog after the early 1960s is complete for ML greater than 3.0. Completeness of the earthquake catalog before the early 1960s is discussed later in the paper. 
MODIFIED EARTHQUAKE CATALOG
We modified Kirkham and Rogers' (2000) catalog to obtain independent earthquakes by removal of non-earthquakes, foreshocks, aftershocks, and fluid-injection induced earthquakes.
• Removals of Non-earthquakes-"Coal Bumps" and detonations of conventional and nuclear explosives were included in the earthquake catalog of Kirkham and Rogers (2000) . We removed these from the earthquake catalog.
• Removal of Foreshocks and Aftershocks-Gumbel and Poisson procedures require the input of independent events only. As suggested by Bellinger (2000) and Bellinger et al. (1989) , an earthquake was classified as dependent (foreshock or aftershock) if (a) less than 30 km separation in space, (b) less than 180 days (6 months) separation in time, and (c) greater than 1 MM or greater than 0.5 ML difference in size. We reviewed the earthquake catalog by looking at each earthquake and searching over space and time. Dependent (foreshocks and aftershocks) earthquakes were those that were within the space and time intervals and of lesser magnitude than the earthquake being considered. The selection criteria led to deletion of about 60 percent of the earthquakes.
• Removal of Probable Fluid-Injection Induced Earthquakes-Methods used to calculate future recurrence rates of earthquakes are based on the assumption that the past is a sample of the future. In the 1960s, some earthquakes northeast of Denver and near Rangely may have been induced by fluid-injection. In the 1990s, numerous small earthquakes were probably induced by deep-well injection of brine near Paradox located in southwestern Colorado . Unusual earthquake activity occurred northeast of Denver and in western Colorado at the Rangely Oil Field during the 1960s (Healy et al. 1968 , Rayleigh et al. 1970 . From January 1962 to February 1966, the 3,671 m deep Rocky Mountain Arsenal Disposal Well was used to pressure inject 620,000 cubic meters of waste fluid. Seven hundred and fifty cubic meters of fluid were pumped into the well between September and October 1968 (Hoover and Dietrich 1969) . We considered earthquakes that occurred near the Rocky Mountain Arsenal between January 1962 and January 1970 as being triggered by fluid-injection. Earthquakes that occurred near the Rangely Oil Field from 1960 to 1973 were also considered as being triggered by fluid-injection. These were removed from the earthquake catalog. Possible fluid-injection induced earthquakes that occurred near Paradox since the brine injection started in 1991 through 1996 were small and were not included in Kirkham and Rogers' (2000) earthquake catalog.
• Test for Completeness-All earthquake catalogs are biased against small earthquakes because of seismograph density and population density for early records. Our analysis of completeness for the modified earthquake catalog, after the removal of non-earthquakes, foreshocks, aftershocks, and fluid-injected triggered earthquakes, followed the procedure developed by Stepp (1972) and used by Nuttli (1974) , Bellinger et al. (1989) and others. The Poisson statistics-based procedure determines the time period over which the earthquake catalog is complete as a function of magnitude. The method indicates that the modified catalog is complete for MLsM.O between 1870 and 1950 , ML>3.5 between 1950 and 1960 , MLsO.O between 1960 and 1970 .5 since 1970. Stepp's method worked well when the probable fluid-injected earthquakes of the 1960s were removed from the catalog. Stepp's method resulted in sudden jumps in completeness of magnitudes around 3.5 ML when the probable fluid-injected earthquakes were included.
ANALYSIS
Several probability distribution methods have been used to calculate mean recurrence intervals and probabilities of exceedance of earthquakes (Cornell 1968; Bellinger et al. 1989; Howell 1993; BSSC 1992 BSSC ,1998 . We modified Kirkham and Rogers' (2000) earthquake catalog (discussed above) and used the Least Squares Regression Method to predict cumulative intervals. See the Appendix for the modified earthquake catalog. We utilized the Gutenberg-Richter empirical magnitude-recurrence relation
where N is the number of earthquakes equal or exceeding magnitude M during a time period, and a and b are constants established from a data sample (Gutenberg and Richter 1944, Cornell 1968 ). Gumbel's theory of extreme values and Poisson's probability distribution were used to predict probabilities. Gumbel's (1954) type-I theory of extreme values postulates that the probability, P, of an earthquake of given size will occur during a given time interval, Dt, is
where t is the time interval in years for the largest magnitude of interest and P' is the probability that such an earthquake will occur in time interval t (Gumbel 1954 , Howell 1993 . Equation 5 gives 329 and 658 years for the mean recurrence interval for a 10 percent probability of exceedance within 50-and 100-year time intervals, respectively. The mean recurrence interval for a 2 percent probability of exceedance within a 50-year time interval is 1,716 years.
Poisson's probability distribution is a model that captures the basic elements for seismic modeling and has found extensive use in the seismic hazard literature (Cornell and Winterstein 1988; Johnson and Nava 1990; Kramer 1996; ICBO 1997; BSSC 1992 BSSC , 1998 . Cumulative Poisson probability of exceedance, PC, for an earthquake during a given time interval, Dt, less than the mean recurrence interval, Tr, is
Equation 6 gives 475 years (typically rounded to 500 years) for the mean recurrence interval for a 10 percent probability of exceedance within a 50-year time interval. Likewise, the recurrence interval for a 10 percent probability of exceedance within a 100-year time interval is 949 years (typically rounded to 1,000 years). The recurrence interval for a 2 percent probability of exceedance within a 50-year time interval is 2,475 years (typically rounded to 2,500 years). These probabilities are consistent with current building codes and regulations and guidance documents (BSSC 1992 (BSSC , 1998 ICBO 1997; ASCE 1998; ICC 2000) .
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RESULTS AND DISCUSSION
The total number of Colorado earthquakes in Kirkham and Rogers' (2000) catalog and the number of independent earthquakes used to determine the mean return intervals for each data set are given in Table 6 . Data Set MX used independent earthquakes instrumentally measured during the period 1960 to 1996 (excluding earthquakes that may have been induced by fluid-injection and dependent foreshocks and aftershocks). Data Set FX used independent felt earthquakes with Modified Mercalli Intensities reported during the period from 1870 to 1996 (excluding earthquakes that may have been induced by fluid-injection and dependent foreshocks and aftershocks). Data Set FX used both Equations 2 and 3, the relationships developed by Hadsell (1968) and Krinitzsky and Chang (1975) , to estimate earthquake magnitude from the maximum reported earthquake intensity. We have termed these Data Sets FX* and FX**, respectively. The Gutenberg-Richter equations (Equation 7 for Data Set MX and Equations 8 and 9 for Data Sets FX* and FX**) are given in Table 7 and plotted on Figures 3, 4 , and 5. Table 8 presents the expected magnitude versus mean recurrence interval and probability of exceedance of a 6.5 ML earthquake occurring somewhere in Colorado (based on Equations 7, 8, and 9 and Equations 5 and 6). Equations 7,8, and 9 predict that the mean recurrence interval for a 6.5 ML or larger earthquake is approximately 420 years for Data Set MX and 330 and 200 years for Data Sets FX* and FX**. Equations 8 and 9 have a lower coefficient of determination and a much wider spread between the lower and upper limits of the 80 percent prediction interval than Equation 7. Figure 5 shows that Data Set MX Equation 7 plots close to Data Set FX* Equation 8 and below Data Set FX** Equation 9. These mean recurrence intervals bound the intervals determined by Charlie et al. (1993) and Battalora (1997) who reported mean return interval for a 6.5 3.0) MX log(N)=2.58-0.80 (ML) 0.97 0.073 (Felt and Intensity Reported Independent Earthquakes-ML&4.0) FX* log(N)=2.28-0.74*ML 0.85 0.153 FX** log(N)=3.05-0.82(ML**) 0.88 0.140
Note: N is the number of earthquakes per year equal or exceeding magnitude. 1/N is the mean return period in years. R 2 is coefficient of determination, s is standard error. ML is Richter Magnitude based on instrument measurements. ML* and ML** are Richter Magnitude based on maximum MMI by Equations 2 and 3, respectively.
ML or larger earthquake of approximately 250 and 300 years, respectively. Both Charlie et al. (1993) and Battalora (1997) used a data set that combined all the felt and measured earthquakes listed in Kirkham and Rogers' (1985) catalog.
Data Set MX predict a magnitude 6.4 ML (Gumbel's) to 6.6 ML (Poisson's) earthquake has a 10 percent probability of exceedance in Colorado in a 50-year period; a magnitude 6.7 ML (GumbeFs) to 6.9 ML (Poisson's) earthquake has a 10 percent probability of exceedance hi Colorado in a 100-year period; and a magnitude 7.3 ML (Gumbel's) to 7.5 ML (Poisson's) has a 2 percent probability of exceedance hi Colorado in a 50-year period (Equations 5, 6 and 7 and Figures 3 and 5) . The 2 percent Poisson's prob- ability of exceedance in 50 years (maximum considered earthquake-IBC 2000) is consistent with estimates made by Kirkham and Rogers (1985) for the statewide maximum credible earthquake, MCE, of 7.5 ML. Table 8 also gives the results of our analysis for Data Sets MX, FX*, and FX** for the 100-, 500-, and 2,500-year mean recurrence interval earthquakes and Gumbel's and Poisson's probability of exceedance for Colorado earthquakes of magnitude 6.5 ML (the estimated size of the Colorado earthquake of 1882) occurring during 50-and 100-year periods. Poisson's method predicts magnitudes about 0.2 ML greater than Gumbel's method for similar recurrence intervals. Equations 7, 8, and 9 have similar slopes "b" but Equation 7 has an intercept "a" about 0.3 higher and 0.4 lower than Equations 8 and 9, respectively. Comparing Equation 7 (developed from 37 years of measured earthquake magnitudes) and Equations 8 and 9 (developed from 127 years of felt earthquake MMT) suggest that (a) Hadsell's (1968) relationship given in Equation 2 underpredicts ML, (b) Krinitzsky and Chang's (1975) relationship given in Equation 3 overpredicts ML by about 0.5 ML for small Colorado earthquakes, or (c) the measured earthquake time period of 37 years used in developing Equation 7 may not be a representative sample of Colorado earthquakes. Equation 7 has the highest coefficient of determination and the lowest standard error. The few earthquakes where both ML and maximum MMI are listed in the Colorado earthquake catalog show considerable scatter from the mean correlation given by Equations 2 and 3. Krinitzsky and Chang (1975) and Krinitzsky (2001) state that estimates of magnitude made from mean correlation with maximum intensity (Equations 8 and 9) are imprecise and are of questionable value for seismic design. Hadsell (1968) described Equation 2 as a crude estimate. Therefore, we recommend Equation 7 for Colorado earthquakes.
SOURCES OF ERROR
Several points are apparent from examination of the history of Colorado earthquakes. First, the historical record is short and there is uncertainty in the early magnitude values. The earthquake catalog used for this paper contains an additional 11 years Table 4 . The earthquake catalog is incomplete before the early 1960s for magnitudes below 4.0. Bollinger et al. (1989 ), Bellinger (2000 , and Bender (1983) suggest that the incremental magnitude frequency, rather than the cumulative magnitude frequency used in this paper, may be more appropriate for determining the magnitude-recurrence relations when the data set is incomplete (pre-1960s for Colorado). Second, Krinitzsky and Chang (1975) and Krinitzsky (2001) state that estimates of magnitude made from mean correlation with maximum intensity (Equations 8 and 9) are imprecise and are of questionable value for seismic design. We recommend that Equation 7, developed from instrumentally measured earthquakes (Data Set MX), be used as the Gutenberg-Richter equation for Colorado. Third, the magnitude-recurrence relations were developed for the state as a whole from a purely statistical analysis and extrapolations of incomplete data obtained from a number of different geologic regimes. Regional and local seismologic and geologic considerations have not been taken into account Fourth, the current USGS national seismograph network has a threshold of locating and measuring Colorado earthquakes to within 10 to 20 km and ML greater than 2.5.
SUMMARY AND CONCLUSIONS
A growing body of data suggests that Colorado, including the rapidly growing Front Range urban areas, has a greater seismic hazard than previously recognized. Ninety-two potentially active faults have documented movement during the last 1.6 million years. Holocene and postglacial movement has been demonstrated for eight faults. Two faults have documented slip-rates approaching 1 mm per year. Four hundred and seventy-seven earthquakes have been felt and/or equaled or exceeded magnitude of 2.0 (more than 400 with MLS=2.5) between 1870 and 1996. Most of the earthquakes have occurred in the western two-thirds of the state. Colorado's largest historical earthquake, which occurred on 7 November 1882 (8 November UCT), had an estimated magnitude of 6.5 ML. Our analysis of 127 years of felt independent earthquakes suggest that estimates of magnitude based on mean correlation with maximum intensity (and hence Equations 8 and 9), although imprecise and of questionable value, are parallel and bound Equation 7. Our analysis of 37 years of instrumentally measured independent earthquake magnitudes gives a mean recurrence interval of about 420 years for an earthquake of magnitude 6.5 ML or larger occurring somewhere in Colorado. The Colorado magnitude-recurrence relation developed from instrumentally measured independent earthquakes is logN =2.58-0.80 ML. A magnitude 6.6 ML or larger earthquake has a 10 percent Poisson's probability of exceedance in 50 years. A magnitude 7.5 ML has a 2 percent Poisson's probability of exceedance in 50 years (maximum considered earthquake-IBC 2000) and is consistent with estimates made by Kirkham and Rogers (1985) for the maximum credible earthquake, MCE, of 7.5 ML. Findings presented in this paper are intended to evaluate the statewide earthquake hazard potential. Specific site evaluations, which are beyond the scope of this paper, require seismologic, geologic, distance, and other considerations.
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APPENDIX: MODIFIED EARTHQUAKE CATALOG
The following earthquake ID's correspond to ID'S given by Kirkham and Rogers (2000) :
• Earthquakes used for Data Set MX-ID numbers 92, 97, 100, 149, 161, 189, 210, 234, 235, 236, 238, 242, 243, 244, 245, 252, 307, 310, 319, 328, 335, 339, 341, 342, 343, 344, 347, 348, 354, 357, 358, 359, 360, 362, 366, 370, 377, 378, 379, 382, 384, 398, 400, 402, 418, 424, 427, 429, 430, 438, 439, 447, 449, 455, 468, 475, 481 , and 486.
• Earthquakes used for Data Set FX-ID numbers 1, 2, 3, 4, 5, 8, 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 29, 30, 35, 52, 59, 67, 71, 72, 73, 75, 76, 77, 79, 80, 81, 82, 83, 84, 87, 88, 90, 92, 94, 95, 97, 100, 144, 210, 235, 328, 339, 341, 343, 344, 348, 350, 358, 363, 365, 370, 372, 379, 382, 398, 402, 424, 427, 439, 446, 449, 452, 462, 463, 464, 473, 475, 482, 486, and 492. 
